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Climate change represents one of the most important challenges to biodiversity, therefore it is 
important to understand the mechanisms that allow species to respond to rapid environmental 
change. Here, we compared two populations of eastern oysters, Crassostrea virginica, from the 
Gulf of Mexico to study the mechanisms underlying hypoxia tolerance. Using a common garden 
experiment and comparative transcriptomics, we identified sets of genes involved in the hypoxia 
response and found differences in both the timing and baseline expression of hypoxia-responsive 
genes between tolerant and sensitive populations, consistent with a scenario of local adaptation. 
These genes include the signaling transcription factor wnt, previously associated with hypoxia 
resistance in insects but poorly explored in marine invertebrates. Notably, differences in gene 
expression levels between populations is greater in gill tissue compared to digestive gland, 
suggesting that environmental stressors affect these tissues differently. Our results provide 
important insights into the genetic, physiological, and evolutionary mechanisms underlying 






With our climate and ecosystems undergoing episodic events of rapid change, it is more 
important now than ever to understand mechanisms by which species respond to environmental 
challenges. Understanding these mechanisms will allow us to make accurate predictions and 
design efficient management strategies to help mitigate the effects of climate change on 
biodiversity. In coastal ecosystems, salinity, temperature, and available oxygen concentrations 
are three major factors that are predicted to change due to global warming (Durack & Wijffels, 
2010; Meire et al., 2013). Rising sea surface temperatures will produce changes in the rates of 
precipitation and evaporation, two factors that play critical roles in storm severity and flooding 
(Durack, 2015; Durack et al., 2012). These effects can impact temperature, salinity, and oxygen, 
ultimately affecting sensitive marine species and biodiversity. Physiological studies can help us 
understand and predict when environmental changes will push species past their tolerance limits 
(Somero, 2012).  
 
The effort to link environmental tolerances to climate change outcomes is complicated because 
that species tolerances may vary over both space and time (Somero, 2010). Tolerances may vary 
as a consequence of plasticity or evolutionary adaptation. The plastic response of acclimatization 
to a stressor arises within an individual’s lifetime, whereas adaptations occur over multiple 
generations of natural selection. Both processes may provide a buffer against the risk of 
extinction from environmental stressors. While adaptive evolution can rescue natural populations 
from extinction, many questions remain open about the dynamics underlying adaptation to 
rapidly changing environments. 
 
The eastern oyster, Crassostrea virginica, is an excellent model for investigating mechanisms 
that underlie adaptation and acclimation to rapidly changing environments due to their broad 
population distributions, which exposes them to a range of salinities, temperatures, and oxygen 
concentrations. Comparisons among populations from different conditions allow us to explore 
physiological and transcriptional differences that may underly local adaptation to environmental 
stressors. Observations from a preliminary study found differences in the ability of Gulf of 
Mexico oysters, from Texas and Louisiana, to withstand low oxygen concentrations. Here we 
used comparative transcriptomics to explore the genetic basis of acclimation to hypoxia and 
identify differences in gene expression between two populations of oysters. This study will help 
us understand the role of acclimation in adaptive evolution to climate change. 
 
 
1.1. Local Adaptation 
 
 
As populations are becoming increasingly threatened due to global change, there is an urgent 
need to understand how they might respond via physiological plasticity and evolutionary 
adaptation. Local adaptation and plasticity allow for organisms to withstand environmental 
change. However, for these processes to occur there needs to be consistent environmental 
stressors that allow for the optimum genotype to persist (DeBiasse & Kelly, 2016; Kawecki & 
Ebert, 2004; Sanford & Kelly, 2011). Research testing for adaptations in various environments 
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across space will help us understand which species will adapt to change through time and avoid 
extinction (Blois et al., 2013). 
 
The literature on local adaptation is heavily weighted towards terrestrial and freshwater 
organisms. This is partly due to previous thoughts that local adaptation could not occur in marine 
invertebrates due to wide geographical larval dispersion with high population interconnectivity 
and gene flow, leading to a lack of genetic differences between populations (Grosberg & 
Cunningham, 2001; Kawecki & Ebert, 2004; Sanford & Kelly, 2011). However, recent research 
has shown that ocean currents, planktonic dispersal, and local availability of suitable habitats, 
can reduce offspring travel and gene flow, facilitating local adaptation in marine invertebrates 
(Dawson, 2001; Sanford & Kelly, 2011; Sherman & Ayre, 2008; Sotka, 2005). 
 
Local adaptation is a balance between spatially varying selection and the homogenizing effects 
of gene flow, and determining patterns of local adaptation requires estimating differences in 
fitness between genotypes from different populations transplanted to different environments 
(Kawecki & Ebert, 2004). Species may be locally adapted to any source of selection that varies 
across environments, including both biotic and abiotic variables. For example, the carnivorous 
snail, Nucella canaliculate, was locally adapted to differences in prey recruitment patterns and a 
subpopulation of the herbivorous sea slug, Elysia viridis, underwent “host-switching” from a 
native to an introduced seaweed. (Sanford & Worth, 2010; Trowbridge & Todd, 2001). An 
instance of local adaptation to abiotic stress can be found in the reef-building honeycomb worm, 
Sabellaria alveolata, that is locally adapted to temperature (Muir et al., 2016).  However, local 
adaptation does not always occur. For example, some larvae populations of the salamander, 
Ambystoma barbourin, mature in predator-containing streams or in ephemeral streams, where 
there are few predators. It was found that extensive gene flow between the two populations 
affected the ephemeral larvae’s ability to effectively avoid and escape predators (Storfer, 1999). 
Despite the past and recent efforts to explore the processes and mechanisms underlying local 
adaptation there is an ongoing need for more research on local adaptations to biotic and abiotic 
stress in marine organisms. 
 
 
1.2. Oysters in the Gulf of Mexico  
 
 
The eastern Oyster, Crassostrea virginica, is a wide-spanning and ecologically important 
organism throughout large portions of the coastal United States. Its native range spans from the 
eastern coast of North America through the Gulf of Mexico and has been introduced to many 
regions including the Pacific coast of North America (Lenihan & Peterson, 1998; Quilang et al., 
2007). The eastern oyster commonly inhabits subtidal and intertidal marine waters where they 
provide several critical ecosystem services (Lenihan & Peterson, 1998). As key ecosystem 
engineers, oysters provide habitats, in the form of oyster reefs, for an extensive array of 
biological diversity (Lenihan & Peterson, 1998). Oyster reefs also play an essential role in 
preventing shoreline erosion by breaking and dissipating waves during storms (Scyphers et al., 
2011). Another key ecosystem service provided by oysters is the filtration of living and non-
living matter from the water column (Scyphers et al., 2011). A single oyster possesses the 
capability to filter up to 50 gallons or 189 liters, of water a day, equating to 1,500 times their 
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body volume every hour (Weaver et al., 2018). While oysters are pivotal organisms for the health 
and sustainability of our marine ecosystems, they are also essential commodities for many 
coastal communities. Oyster aquaculture, commonly referred to as oyster farming, is a primary 
industry and source of livelihood for many coastal states. In 2019, Louisiana alone commercially 
harvested 6.4 million pounds of oysters, with a dockside value of 45.4 million dollars (Gulf 
States Marine Fisheries Commission, 2019). 
 
With such pivotal importance to the economy and ecosystem, there are many efforts to 
sustainably harvest oysters for consumption and to protect and restore oyster reefs. However, an 
important ecological factor that readily affects oyster mortality is the concentration of dissolved 
oxygen present in the water column (Lenihan & Peterson, 1998). Dissolved oxygen 
concentrations, ranging from anoxic ( 0 mg O2/L) to hypoxic (<2 mg O2/L) can be heavily 
impacted by a variety of variables, such as eutrophication from stormwater and river discharge 
that has been contaminated by excess nutrient input from chemical fertilizers and animal manure 
(Dodds, 2006; Lenihan & Peterson, 1998). Every spring and summer in the Gulf of Mexico a 
“dead zone” is formed (Dodds, 2006). This “dead zone”, characterized by low oxygen 
availability, is one of the largest in the world and is located on the Texas/Louisiana continental 
shelf (Rabalais et al., 2002). This zone is heavily impacted by outflows of the Mississippi and 
Atchafalaya Rivers, leading to high stratification and nutrient input, ultimately decreasing the 
available oxygen to levels that drastically affect the mortality rates of residing marine organisms, 
such as fish and oysters (Dodds, 2006; Lenihan & Peterson, 1998; Rabalais et al., 2002).   
 
 
1.3. Hypoxia and Hypoxia Stress  
 
 
Hypoxia, the condition of oxygen deficiency (< 2mg O2/L), affects all organisms, from terrestrial 
to aquatic and mammalian to insect (Harrison et al., 2006). It is suggested that extinction rates at 
the end of the Permian Period were inclining leading up to the final extinction. This was due to a 
decrease in atmospheric oxygen combined with global warming, limiting the altitudinal habitat 
range of species thereby limiting their dispersal (Huey, 2005). For aquatic organisms, such as 
oysters, exposure to hypoxia has been shown to affect many conditions from feeding behaviors 
and metabolism to growth and larval settlement (Baker & Mann, 1992; Keppel et al., 2016). 
Hypoxia has also caused mass declines in fishery production and an increase in mortality for 
marine organisms worldwide (Wu, 2002).  In 2001, the blue mussel, Mytilus edulis, experienced 
a mass mortality event in 7 of 9 experimental reefs in Narragansett Bay, Rhode Island, due to 
hypoxia (Altieri & Witman, 2006).  
 
Over the past several decades, the number of coastal sites displaying hypoxic areas have 
exponentially increased (Vaquer-Sunyer & Duarte, 2008). Due to anthropogenic effects and 
global warming, hypoxia is expected to increase in severity in the coming years, dictating the 
necessity for a greater understanding of the mechanisms underlying hypoxia tolerance (Sampaio 
et al., 2021; Wu, 2002).  
 
Marine environments experience extreme variation in available oxygen, ranging from anoxia, 
with less than 1% oxygen availability, to hyperoxia, with greater than 300% oxygen (Ivanina & 
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Sokolova, 2016). With variation in oxygen availability, organisms have also evolved variation in 
hypoxia tolerance. In terrestrial organisms the degree of hypoxia tolerance ranges from a few 
minutes to several hours, whereas aquatic organisms can withstand hypoxic conditions for weeks 
to months, with intertidal molluscs being the most tolerant (Grieshaber et al., 1993; Ivanina & 
Sokolova, 2016). It has been shown that the primary cause of cellular damage and organ failure  
due to hypoxia occurs after oxygen is reintroduced into the system, producing an influx of 
reactive oxygen species causing an increase in cellular and mitochondrial damage (Ivanina & 
Sokolova, 2016; Sokolov et al., 2019; G. Zhang et al., 2016).  
 
Climate warming can exacerbate the effects of hypoxia (Portner & Knust, 2007; Sampaio et al., 
2021). Increasing thermal stress results in a higher aerobic demand on the organism. The 
organism demands a greater amount of oxygen to a point where the circulatory and ventilatory 
systems cannot match, decreasing their aerobic performance and potentially leading to a hypoxic 
state (Portner & Knust, 2007). Hypoxia tolerant organisms, such as oysters, have evolved a 
mechanism in which the mitochondria functionally reorganize, allowing for more antioxidant 
production, potentially increasing their respiratory capacity and hypoxia recovery (Sokolov et al., 
2019). Given the physiological link between hypoxia and thermal stress, ome aquatic organisms’ 
increased tolerance to hypoxia may be a byproduct of adaptations to thermal stress (Collins et al., 
2021; McBryan et al., 2013).  
 
 
1.4. Bivalve Physiology 
 
 
With oxygen fluctuations commonly occurring in intertidal and estuarine ecosystems, there are 
growing efforts to better understand bivalve’s physiological response to hypoxia. One major 
contributor to the cellular damage that occurs under hypoxia stress is reoxygenation and the 
subsequent increase in the production of reactive oxygen species (ROS) (Ivanina & Sokolova, 
2016; G. Zhang et al., 2016). Mitochondria, the primary producer of cellular ATP, are critical in 
the cellular response to the hypoxia-reoxygenation (H/R) cycle and are responsible for many 
processes such as homeostasis and cell signaling (Ivanina & Sokolova, 2016). When the cell 
undergoes the H/R cycle and normoxic respiration begins, ROS production is accelerated 
resulting in damage to lipids, proteins, DNA, and the mitochondria (Ivanina & Sokolova, 2016; 
Philipp et al., 2012). Adaptations in hypoxia and anoxia tolerant organisms, such as fish and 
mollusks, include the ability to preserve mitochondrial function, decrease the metabolic rate, and 
increase ATP production through alternative fermentative pathways resulting in more ATP 
produced per unit of metabolized substrate (Ivanina et al., 2011; Ivanina & Sokolova, 2016; 
Steffen et al., 2020).  
 
An impressive example of hypoxia/anoxia tolerance in marine mollusks is the Ocean Quahog, 
Arctica islandica, a long-lived clam with a lifespan of more than 400 years (Philipp et al., 2012). 
A study examining the hypoxia tolerance of several species of marine invertebrates found that A. 
islandica was able to tolerate anoxic conditions at 50% survival rate for 55 days (Theede et al., 
1969). The clam’s ability to withstand such harsh conditions for extended periods is partially 
attributed to its ability to regulate and lower its metabolic rate, overall reducing their energy 
consumption, when oxygen is limited (Tschischka et al., 2000).  
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As previously stated, the mitochondria play a pivotal role in the response of bivalves to hypoxia 
stress. In the clam, Mercenaria mercenaria, and the eastern oyster, Crassostrea virginica, it was 
found that their mitochondrial response to hypoxia included the upregulation of the electron 
transport chain, along with an increase in mitoproteases and antioxidants, commonly known as 
protective mechanisms produced by the mitochondria (Ivanina & Sokolova, 2016).   
 
The physiological response to hypoxia involves the complex interaction of many biological 
components, and the mitochondrion is the primary site of interest when examining the cellular 
response to oxidative stress (Ivanina & Sokolova, 2016; Sokolov et al., 2019). In mollusks, when 
oxygen becomes scarce,  ATP production switches from multiple energy sources to primarily 
glycogen or aspartate yielding a greater abundance of ATP for each molecule metabolized 
(David et al., 2005). Critical factors in the response to hypoxia include the cytochrome c oxidase 
complex that facilitates the movement of electrons through the electron transport chain, 
ultimately producing ATP and ROS (Somero et al., 2016). The excess of ROS made under the 
H/R cycle is heavily affected by the ability of the mitochondria and the cytochrome c oxidase to 
regulate the abundance and movement of electrons (Ivanina & Sokolova, 2016; Somero et al., 
2016). Hypoxia-inducible factors (HIFs) are another biological factor that has critical importance 
in the hypoxia response. HIFs are a class of transcriptional activators and are involved in oxygen 
regulation and homeostasis by activating many downstream genes involved in processes, such as 
glycolysis, oxidative phosphorylation, and cell signaling (Giannetto et al., 2015).   
 
 
1.5. Ecological Genomics in Bivalves 
 
 
Multiple approaches can be used to gain valuable insights into the physiological response to 
hypoxia, including the analysis of genomic data.  “Omics” data are a powerful tool providing the 
ability to build genetic and molecular profiles of organisms to better understand the diverse 
mechanisms that drive biological phenomena and processes. Transcriptomics provides a method 
to capture a glimpse of an organism’s changing physiology, with respect to changing conditions, 
within and between populations (DeBiasse & Kelly, 2016). Many studies have taken a 
transcriptomics approach to better understand bivalves’ physiological responses to 
environmental stressors. Sussarellu et al. (2010) utilized microarray data to study the 
transcriptomic response of the Pacific Oyster, Crassostrea gigas, to hypoxic conditions. Their 
analysis found up-regulation in genes related to antioxidant defense and detoxification of 
reactive oxygen species in the tolerant populations. Other studies examining the effects of 
hypoxia have also found key changes in expression in genes related to oxygen sensing and stress 
response, such as COX1(Woo et al., 2013), hypoxia-inducible factors (HIFs), Hif-prolyl 
hydroxylases (PHD) (Giannetto et al., 2015), and Heat-shock proteins (Philipp et al., 2012). 
 
Through transcriptomic analysis of the Manila clam, Ruditapes philippinarum, the HIF and NF-
kappa Beta signaling pathways were found to be critical components of the clam’s hypoxia 
tolerant response (Nie et al., 2020). NF-kB is mainly essential in the immune response and the 
response to hypoxia stress, and HIFs are the primary regulators of oxygen homeostasis. Other 
comparative transcriptomic and metabolomic approaches to understand the Manila clam’s 
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response to hypoxia revealed that amino acid metabolism is critical for many biological 
processes, such as osmotic regulation and energy production during hypoxia exposure. (Sun et 
al., 2021). These studies reveal the potential for omics data to strengthen our understanding of 
the physiological processes underlying hypoxia tolerance.  
 
Through the utilization of genomics and transcriptomics we can also explore patterns of gene 
expression and local adaptation among populations. While transcriptomics approaches have the 
complication of deciphering the interplay of downstream traits, that will ultimately affect the 
individual’s fitness, it is a valuable tool to find potentially essential differences among 
populations that vary in their response to environmental changes (DeBiasse & Kelly, 2016). In 
the Olympia oyster, Ostrea lurida , comparative transcriptomic analysis revealed that 
populations locally adapted to low salinity largely overlap in their transcriptomic response, but 
the most tolerant population show higher expression of mantle mRNAs, which are involved in 
extending valve closure times and reducing mortality (Maynard et al., 2018). Through 
physiological and transcriptomic studies, we can address questions concerning individual and 
population level adaptations to stressors that could provide insights into organisms’ ability to 
withstand global change and provide suggestions on how to combat loss of biodiversity.
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2. Materials and Methods 
 
 
2.1. Sampling and Experimental Design 
 
 
F1 individuals from two populations of the eastern oyster, Crassostrea virginica, which naturally 
vary in their response to hypoxia stress, were studied. Wild broodstocks were collected from 
estuaries located in Packery Channel, Texas (PC; 27° 37’ 38” N, 97° 13’ 59” W) and Calcasieu 
Lake, Louisiana (CL; 29° 50’ 58” N, 93° 17’ 1” W) (Fig. 1). In the summer of 2018, F1 
individuals were reared at the Auburn University Shellfish Hatchery in Dauphin Island, Alabama 
in Bayou Sullivan (30° 21’ 52” N, 88° 12’ 57” W). In the spring of 2019 individuals were moved 
to the Grand Bay Oyster Park in Alabama (GBOP), (30° 22’ 15” N, 88° 19’ 0” W) for further 




Figure 1. Sampling locations of each oyster population. The purple star represents Packery 
Channel, Texas (tolerant population). The yellow star represents Calcasieu Lake, Louisiana (less 
tolerant population). X-axis displays degrees West coordinates. Y-axis displays degrees North 
coordinates. 
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The hypoxia trial was conducted at the Louisiana State University Agricultural Center Animal 
and Food Sciences laboratory building in Baton Rouge, Louisiana. The experiment was 
conducted from the beginning of September 2019 and ending in November 2019. This study 
used 400-L tanks equipped with bio-filters and filled with artificial seawater (Crystal Sea 
Marinemix, Marine Enterprises International, Baltimore, Maryland, USA) and aerated using air 
stones. Salinity and temperature were adjusted to resemble that of the GBOP rearing site at the 
time of collection, 20 ppt and 28.9 °C, respectively.  The temperature was maintained using 
submersible heaters (Cobalt Aquatics Flat Neo-Therm 300W). Water salinity, temperature (°C), 
and dissolved oxygen (DO, mg/L) measurements were taken using a YSI-Pro30 handheld 
multimeter (YSI Incorporated, Yellow Springs, Ohio, USA). 
 
At the beginning of the hypoxia trail, 85 F1 individuals from each population were put into two 
tanks, control and experimental, and acclimated to 32 °C for one week. After acclimation the 
number of individuals in each tank was adjusted to 80, feeding stopped, and the air stones were 
removed from the experimental tank to allow for a natural decline in oxygen through the 
remainder of the trail. The number of live and dead individuals were counted each day for two 
weeks, and dead oysters were removed. Seven individuals were collected each day for three 
consecutive days. Of the seven collected four were used for RNA extractions (4 oyster x 2 stocks 
x 2 tanks x 3 days = 48 total).  Collection began on day 3 of the experiment, due to preliminary 
data suggesting this was when the two populations began to experience differences in hypoxia 
response and mortality rates (Coxe et al. in prep). Hemolymph was collected from sampled 
individuals through notches on the dorsal side of the shell, using a 3-ml syringe and a 25-gauge 
(2.8 mm) needle, and immediately stored on ice for use in the lysosomal stability assay 
(described below). Oysters were then opened, and sections of the gill tissue and digestive gland 
were dissected and stored at -80 °C for RNA extractions. Due to the removal of oysters through 
the course of the trial, interval and adjusted mortalities were calculated to determine the 
cumulative mortality rates (Calvo et al., 2003).  
 
 
2.2. Hemocyte Lysosomal Stability Assay 
 
 
The lysosomal stability of hemocytes, from the previously collected hemolymph, was measured 
using the neutral red retention assay described by Coxe et. al in prep. The hemolymph from each 
oyster was added to a 96 well plate with 50 µl of artificial seawater (ASW) at 20 ppt. The plates 
were centrifuged at 100xg for 2 minutes and rested for 15 minutes to allow for hemocyte 
adherence. Supernatant was removed and 100 µl of neutral red solution (50 ug/ml of ASW) was 
added to each well. Wells were manually inspected using an inverted microscope at 400x 
magnification in 30-minute intervals for a maximum of 180 minutes. A minimum of 100 cells 
per well were used to verify lysosomal stability, and the time at which 50% of the granulocytes 
had a neutral red loss from the lysosomes to the cytosol was recorded (neutral red retention time 
(NRR time)).  
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2.3. RNA Preparation and Sequencing 
 
 
Tissues from the gill and digestive glands were homogenized and total RNA was extracted using 
an E.Z.N.A.® Total RNA Kit I (Omega BIO-TEK Inc., Norcross, GA, USA) following the 
manufacturer’s instructions. Initial RNA yield and quality were assessed using a NanoDrop 2000 
spectrophotometer. Total RNA for 96 samples, 48 from the gill and 48 from the digestive gland, 
was sent to the University of Texas at Austin’s Genomics Sequencing and Analysis Facility 
where RNA integrity was confirmed using a 2100 Agilent Bioanalyzer and Tag-Sequencing 
libraries, which sequences the 3’ end of the mRNA, produced (Lohman et al., 2016; Meyer et al., 
2011). The TruSeq libraries were sequenced on 2 lanes of an Illumina HiSeq 2500 platform 
producing 100bp single end reads.  
 
 
2.4. Data Processing and Mapping  
 
 
Initial read quality was assessed using Fastqc (Andrew, S. 2010) and polyX sequences removed 
with Fastp (Chen et al., 2018). Reads were then subjected to filtering and trimming with 
Trimmomatic (v 0.39) (Bolger et al., 2014) using default parameters. Trimmed reads were 
aligned to the C. virginica reference genome (Gómez-Chiarri et al., 2015) using STAR RNA-seq 
aligner (v 2.6.0a) (Dobin et al., 2013) with the options (--quantMode GeneCounts --
outFilterScoreMinOverLread 0.5 --outFilterMatchNminOverLread 0.5).  
 
 
2.5. Read Counts and Differential Gene Expression 
 
 
Read were counted using featureCounts in the SUBREAD package (v. 2.0.1) (Liao et al., 2014). 
The resulting data were used as input for principal component analysis (PCA) to visualize 
sample variation and detect outliers. The PCA showed one outlier in the set of gill samples and 
one outlier in the digestive gland set, these two samples were removed from further analysis.  
The count data were then input into Rstudio (v 3.6.0) for gene expression analysis. Differential 
gene expression analysis was independently performed on each day/population resulting in a list 
of differentially expressed genes (DEGs) for each combination. In order to obtain a single list of 
DEGs that maximized the true positive rate and specificity (Costa-Silva et al., 2017), DE 
analysis was preform with DESeq2 (v 1.24.0) (Love et al., 2014), EdgeR (Robinson et al., 2010), 
and NOISeq (Tarazona et al., 2011). The resulting lists of DEGs were input into the R package 
VennDiagram and consensus lists of DEGs per day and population were obtained. DEGs were 
identified using a false discovery rate (FDR)-adjusted p-value cutoff of 0.01. Gene ontology 
enrichment analysis was conducted using topGO (Alexa & Rahnenfuhrer, 2020) and GO_MWU 
from the GitHub repository (https://github.com/z0on/GO_MWU).  
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2.6. WGCNA and GO Enrichment 
 
 
The R package WGCNA (Langfelder & Horvath, 2008) was used to construct gene networks and 
identify modules of coexpressed genes. Analysis was done independently on the gill tissue and 
the digestive gland. All samples residing in each tissue’s expression matrix were used for the 
analysis, except for the removal of one outlier sample in each tissue. The data were normalized 
with DESeq2 variance stabilizing transformation (VST) function and genes with low expression 
were filtered by having fewer than five counts in 4 samples and a standard deviation of 0.25 was 
used to filter genes with low variance. This resulted in the total number of genes used for the 
remaining WGCNA analysis as 13785 for the gill and 10310 for the digestive gland. The 
network was constructed using a soft-threshold of 5 and a minimum module size of 30, with 
population and condition variables converted to a binary format. For each module of interest, the 
eigengene was visualized with ggplot2 (H. Wickham 2016) and gene ontology enrichment 






3.1. Differences in response to hypoxia between populations 
 
 
Preliminary studies have demonstrated differences in tolerance to hypoxic conditions between 
Texas and Louisiana oyster populations (Coxe et.al. in prep), suggesting a possible scenario of 
local adaptation where Texas populations have evolved a tolerance to lower oxygen 
concentrations. Our physiological experiment performed in 2019, showed that the Louisiana 
population experiences mortality sooner than the Texas population in a time course of decreasing 




Figure 2. Cumulative Mortality Results. The X-axis is the number of days the experiment 
persisted, starting at day 0 and coinciding with the decline in oxygen concentrations. The Y-axis 
is the percent cumulative mortality. The blue, purple, and yellow lines represent the dissolved 
oxygen concentration for the Texas population and the Louisiana population, respectively. 
(Adapted from Coxe et al. in prep). 
 
 
Oyster mortality increased dramatically in the Louisiana population at day 4 when most 
individuals from Texas remained alive (Fig. 2). In the Texas population, mortality accumulated 
only after day 5, reflecting higher tolerance to hypoxic conditions. To gain insights into the 
genetic basis of these phenomena, we analyzed gene expression data from these populations 
during decreasing oxygen concentrations. 
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3.2. Gene expression analysis 
 
 
3.2.1. Data processing 
 
 
96 Tag-seq libraries were prepared from Texas and Louisiana oyster populations using tissue 
from the gills and digestive glands, sampled at three timepoints coinciding with decreased 
oxygen concentrations. All samples were successfully sequenced providing four biological 
replicates per experimental condition with an average single-end read length of 100bp. After 
preprocessing (adapter trimming and quality-base filtering), an average of 2.79 million reads per 
sample were kept for gene expression analysis (Fig. 3). On average, 88.5% of reads from each 
library mapped to the reference genome, of which 53.9% mapped uniquely and 34.5% mapped to 
more than one location in the genome. The most updated annotation for Crassostrea virginica 




Figure 3. Library size of all samples after preprocessing on days 3, 4, and 5 for the (A) gill tissue 
and the (B) digestive gland. The X-axis shows each sample. The Y-axis is the abundance (in 
million reads) of each sample. Purple represents the Texas population. Yellow represents the 
Louisiana population. H = hypoxic condition, C = control.  
 
 
To estimate the similarity among biological replicates, principal components analysis was 
conducted separately on gill and digestive gland tissue samples. This analysis revealed clustering 
of samples based on population and experimental conditions in both sets using principal 
components 1 and 2, but no clustering was evident based on hypoxic levels (experimental 
timepoints) (Fig. 4). This analysis also revealed two outlier samples, one from the gill and one 
from the digestive tissue, which were discarded from further analysis, reducing the data set to 47 




Figure 4. Clustering of samples based on principal component analysis (PCA) for (A) gill tissue, 
and the (B) digestive gland. Each point represents a gill or digestive gland sample from an 
individual oyster. Samples cluster by population and condition on PC1 and PC2 for the gill tissue 
and digestive gland. Circles represent control conditions, and triangles represent hypoxic 
conditions. Purple represents the Texas population, and yellow represents the Louisiana 
population. The X-axis shows the percent variance for principle component 1 and the Y-axis 
shows the percent variance for principle component 2.  
 
 
3.2.2. Differential expression 
 
 
Differential expression tests between control and hypoxic conditions were performed at each 
experimental timepoint in gill and digestive glands separately using DEseq2, EdgeR and 
NOISeq. The resulting sets of genes that showed significant differences between conditions were 
considered differentially expressed genes (DEGs). The DEGs from each of the three tests were 
compared and the overlapping consensus DEGs for each group were used for further analysis. 
Figure 5 shows an example of the concordance between statistical tests from the DE analysis 
performed on the Louisiana day 4 sample. This approach provides the most conservative strategy 




Figure 5. Venn diagram displaying the concordance of differential expression analysis. The Venn 
diagram is composed of the differentially expressed genes output from EdgeR, NOISeq, and 
DESeq2 analysis. This diagram represents the sample from Louisiana day 4 and shows the 
number of overlapping differentially expressed gene that was used in subsequent analyses.  
  
  
In general, differential expression tests between control and hypoxic conditions revealed 
increased numbers of DEGs in gills compared to digestive gland samples. It was also observed, 
in both tissues, that DEGs increased with decreasing oxygen (Fig. 6). In addition, in both tissues 
the offset of differential expression appeared to occur earlier in the Louisiana population than in 
Texas, with a notable increase in the number of DEGs at day 4 (0.61 mg/L DO) in Louisiana 
populations and day 5 (0.58 mg/L DO) in Texas populations. The upset plot, which displays the 
abundance and overlap of DEGs between groups, revealed that many of the genes that show 
differential expression in Louisiana day 4 overlap with DEGs from day 5 in the Texas 
population. For example in the gill tissue, of the 1,156 DEGs on day 4 Louisiana oysters, 84 
were shared with Texas day 5, both populations also share 111 DEGs on day 5 (Fig. 6). 
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Figure 6. Upset plots for the (A) gill and (B) digestive gland. The horizontal bars represent the 
abundance of differentially expressed genes for each population and day. The vertical bars 
represent the size of the intersection between sets of differentially expressed genes for all 
population and day comparisons. (p < 0.01). 
 
 
3.2.3. Differential expression in gill tissues 
 
 
In gill tissues, DE analyses revealed clear and important patterns associated with hypoxic 
responses in both populations. Comparing DEGs across timepoints showed an increase of 461 
DEGs between day 3 and 4 in hypoxic conditions in Louisiana samples, which coincided with 
the beginning of Louisiana mortality observed in the physiological results (Fig. 2, Fig. 6A). The 
Texas population followed a similar pattern, but the major increase in DEGs (755) occurred 
between days 4 and 5, also coinciding with the beginning of this population’s mortality (Fig. 
6A). Table 1 summarizes differential expression across experimental timepoints between control 
and experimental samples in each population. These results showed a transcriptomic response 
associated with hypoxia dominated by gene upregulation, which occurred earlier in oysters from 
Louisiana. 
 
To gain insights into the functional relevance of these changes, GO Enrichment tests were 
performed on the set of DEGs in each population. Interestingly, GO terms enriched in the set of 
DEGs at day 4 in Louisiana showed a substantial overlap with GO terms enriched in the set of 
DEGs at day 5 in Texas samples. These GO terms were related to cellular stress response 
(GO:0033554; GO:0006950), DNA repair (GO: 0006281), ribosome biogenesis and protein 
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dephosphorylation (GO: 0042254, GO:0006470). Notably, enriched GO terms from Texas day 5 
also included ATP metabolic processes (GO:0046034), whereas Louisiana day 4 showed cell-
cell signaling (GO:0007267) and regulation of GTPase activity (GO:0043087).    
 
 




Total DE Upregulated Downregulated Total DE Upregulated Downregulated 
Day 3 352 258 94 121 74 47 
Day 4 813 634 179 186 152 34 
Day 5 822 593 229 941 702 239 
 
 
3.2.4. Differential expression in the digestive gland 
 
 
Overall, digestive gland samples followed a similar pattern as gill samples with an increasing 
abundance of DEGs per day, however the digestive gland contained fewer DEGs per group when 
compared to the gill tissue (Fig. 6). The abundance of DEGs between Louisiana day 3 and day 4 
increased by 174, whereas Texas showed an increase in 51 DEGs between day 4 and day 5, 
showing a small abundance of differential gene expression in the digestive gland (Fig. 6B).  In 
contrast to gill tissue where Texas day 5 showed the largest abundance of unique DEGs, the 
Louisiana day 5 digestive gland contained the largest abundance of unique DEGs at 144, while 
Texas day 5 contained 56 unique DEGs. Total DEGs for Louisiana increased from 136 on day 3 
to 339 on day 5. Unlike the gill tissue, Louisiana day 4 and Texas day 5 shared only five unique 
DEGs (Fig. 6b). GO analysis for Louisiana day 5 revealed an overrepresentation of terms related 
to cellular stress response (GO: 0033554, GO:0006950) and metabolic processes such as, DNA 
metabolism (GO:0006259), carbohydrate derivative metabolism (GO:1901135), 
organophosphate (GO:0019637), and phosphorus, tyrosine, and phosphate-containing compound 
metabolic processes (GO: 0006793, GO:0006570, GO:0006796). Other key terms 
overrepresented related to the cellular response to DNA damage stimulus (GO:0006974), 
organophosphate biosynthesis (GO:0090407), along with several terms related to ion transport 









Total DE Upregulated Downregulated Total DE Upregulated Downregulated 
Day 3 136 117 19 65 56 9 
Day 4 310 273 37 136 112 24 
Day 5 339 318 21 187 169 18 
 
 
3.3. Gene network analysis 
 
 
Weighted gene correlation network analysis (WGCNA) was used to find modules of coexpressed 
genes associated with factors of interest in both tissues. The input used for the analysis was the 
raw expression matrix for each tissue, which consisted of 47 samples each after removing 
outliers. Raw matrices were then normalized and lowly expressed genes filtered resulting in 
13,785 genes for the gill tissue and 10,310 for the digestive gland. These data, along with several 
factors of interest, population, day, condition, and lysosomal stability, were used in the 
WGCNA. The analysis resulted in a total of 14 modules labeled as color names in each tissue, 
consisting of groups of coexpressed genes and their correspondent association with factors of 





Figure 7. Heatmap of WGCNA module-trait relationship results for the (A) gill and (B) digestive 
gland. The X-axis represents the factors of interest that the correlations were based on. The Y-
axis represents each color module that was produced from the analysis. Each color module and 
factor of interest contain a p-value and a correlation coefficient. The red represents positive 




3.3.1. Gene network analysis of the gill tissue 
 
 
Of the 14 modules produced by the WGCNA three were solely correlated with population, one 
with day, and three with condition (Fig. 7A). The salmon, brown, magenta, and yellow modules 
were correlated with population and condition, and the tan module was the only one to be 
significantly correlated with day and condition (Fig. 7A). Further exploration of the eigengene 
expression and gene ontology enrichment of each module resulted in five modules and two 
underlying patterns of interest. The first pattern, present in the tan, brown, and magenta modules, 
showed higher eigengene expression in samples from the Texas population than samples from 
Louisiana, in both control and hypoxic conditions (Fig. 8). The second pattern observed 
corresponded with the cumulative mortality results where the Louisiana population began to 
accumulate mortality at day 4 and Texas at day 5. The tan, brown, magenta, green, and turquoise 
modules followed this pattern and displayed large changes in eigengene expression 




Figure 8. Eigengene expression for selected WGCNA modules for the (A) gill and (B) digestive 
gland. The X-axis represents days 3, 4, and 5. The Y-axis represents the relative eigengene 
expression. Each tissue contains 5 modules of interest with their respective eigengene expression 
plotted. Purple represents the Texas population, and Yellow represents the Louisiana population. 
Solid lines represent the hypoxic conditions and dotted lines represent the control conditions.  
 
 
Most notably the brown and magenta modules showed the strongest correlation with population 
and condition, with the genes in each module being more upregulated in the Texas population 
compared to the Louisiana population (Fig. 8). The brown module contains 1,353 genes that 
exhibited higher expression in control samples from Texas compared to Louisiana samples. 
Genes from this module are upregulated in hypoxic samples and showed similar expression 
levels in samples from Louisiana and Texas during days 3 and 4 but are drastically upregulated 
in Texas samples at day 5. Gene ontology enrichment for this module showed an 
overrepresentation of terms related to the Wnt-signaling pathway and cell-cell signaling by Wnt 
(GO: 0016055; GO:0198738), along with GPI anchor metabolic process (GO:0006505) and 
glycolipid and membrane lipid biosynthetic processes (GO:0009247; GO:00046467). Several 
GO terms in the cellular compartment related to the mitochondria, mitochondrial envelope, and 
the mitochondrial outer membrane (GO:0005739; GO:0005740; GO:0005741), along with 
mitochondrial proton-transporting ATP synthase complex and the SUMO ligase complex 
(GO:0000276; GO:0106068).  
 
The magenta module contained 87 genes and shows the eigengene expression for the control and 
hypoxic conditions to be higher across all days in Texas relative to Louisiana. The most largest 
change in expression for the Louisiana samples occurred on day 4, and on day 5 for samples 
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from Texas, coinciding with the onset of each population’s mortality (Fig. 2 and Fig. 8). GO 
enrichment for this module showed an overrepresentation of terms related to metabolic 
processes, such as metabolism of organonitrogen compounds (GO:1901564) and cellular 
macromolecules metabolic processes (GO:0044260), along with organonitrogen (GO:1901566), 
peptide (GO:0043043) and cellular macromolecule (GO:0034645) biosynthetic processes. The 
cellular compartment GO terms of interest for this module include the cytochrome complex 
(GO:0070069), respiratory chain complex (GO:0098803), mitochondrial respiratory chain 
(GO:0005746), and the oxidoreductase complex (GO: 1990204).  
 
 
3.3.2. Gene network analysis of the digestive gland 
 
 
Gene network analysis on digestive gland samples revealed a total of 14 modules of coexpressed 
genes, 5 of which showed significant correlation with factors of interest (Fig. 7). The gray 
module was the only one that showed a significant correlation with day, a factor that reflects a 
progressive decrease of oxygen, however, this correlation was not considered for analysis since 
the gray module is, by definition, a module that groups genes with poor connectivity and low 
association with significant WGCNA modules.  
 
The modules yellow, red, and salmon showed a strong association with population and 
experimental conditions. Interestingly, genes in these modules showed consistently elevated 
expression in Texas samples when compared with Louisiana samples in control conditions, as 
well as differences in their regulatory response to hypoxia. Genes in the yellow module (n = 
1,115) showed downregulation in hypoxic conditions with respect to control conditions in both 
populations, however expression of these genes were consistently higher in Texas samples in 
both experimental conditions and across all days (Fig. 8A). These genes also showed a peak of 
expression at day 4 in Texas and day 5 in Louisiana samples under hypoxia. Gene ontology 
enrichment analysis in this module revealed overrepresentation in ATPase activity 
(GO:0016887), ATP binding (GO:0005524), along with various metabolic processes 
(GO:0090304; GO:0034641), and peroxisome organization (GO:000731) 
 
 Genes grouped in the red module (n = 524) exhibited upregulation in hypoxic conditions with 
respect to control conditions with a stronger response (e.g., greater upregulation) in Texas 
samples than Louisiana samples across all days. Gene ontology enrichment analysis in this 
subset of genes revealed overrepresentation of the GTPase complex (GO:1905360) and several 
catabolic terms, such as glutamine family amino acid (GO:009065) and cellular amino acid 
catabolic process (GO:0009065) 
 
A similar trend is observed in genes grouped in the salmon module (n = 32), with upregulation in 
hypoxic conditions in both populations, and a more robust response among Texas populations. 
Under hypoxia in both populations, genes in this module showed a peak of expression on day 4 
after which their expression levels decreased. Gene ontology enrichment analysis on this module 
showed overrepresentation of oxygen binding (GO:0019825), pyrophosphatase activity 
(GO:0016462), protein phosphorylation (GO:0006468), and proteolysis (GO:0006508).  
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The modules green and greenyellow, showed correlation with population, condition, and values 
of lysosomal stability. The green module (n = 566) showed upregulation under hypoxia in both 
populations, however, genes in this module showed higher expression values in Texas samples 
compared to Louisiana samples regardless of the day of experimental condition (Fig. 8). Gene 
ontology enrichment analysis in this set of genes showed overrepresentation of heat shock 
protein binding (GO:0031072), glycolytic process (GO:0006096), ATP generation from ADP 
(GO:0006757), ADP metabolism (GO:0046031), carbohydrate catabolic process (GO:0016052), 
gluconeogenesis (GO:0006094), and mitochondrial membrane (GO:0031966). 
 
The greenyellow module (n= 77) showed different patterns of expression between populations. 
Among Texas samples, these genes showed increased levels of expression at day 4 compared to 
day 3 under hypoxia, but their expression level appeared to remain constant from day 4 to day 5. 
When compared to control conditions, these genes showed lower expression in hypoxia. In 
contrast, among Louisiana samples, these genes did not appear to respond to hypoxia. Louisiana 
samples exhibited low expression of these genes under control conditions and even lower under 
hypoxic conditions throughout the timeline (Fig. 8). Gene ontology enrichment analysis of these 
set revealed overrepresentation of ATP binding (GO:0005539), ATP-dependent microtubule 
motor activity (GO:1990939), glycosaminoglycan binding (GO:0005539), DNA metabolic 






This study aimed to explore the physiological and transcriptomic differences underlying hypoxia 
tolerance in the eastern oyster. To do this we performed a common garden experiment with a 
hypoxia tolerant (Texas) and a hypoxia sensitive (Louisiana) population. We estimated gene 
expression from the gill and digestive gland tissues using 3’ Tag-Sequencing and analyzed 
patterns of gene expression through differential gene expression, gene network, and gene 
ontology enrichment analyses. Several important observations emerged from our analysis, 
including: (1) a more robust transcriptomic response in the gill than the digestive gland, (2) a 
later onset of stress response in the Texas population, and (3) patterns of gene expression 
associated with hypoxia tolerance.  
 
 




Acclimation to hypoxic conditions can occur through adaptive changes in gene expression in 
respiratory tissues. For example in the Pacific oyster, Crassostrea gigas, it was found that gene 
regulatory networks related to antioxidant defense and the respiratory chain compartment were 
the primary biological processes that were upregulated in response to hypoxia (Sussarellu et al., 
2010). The eastern oyster, Crassostrea virginica, showed an increase in biological activity 
related to citrate synthase and cytochrome c oxidase in response to hypoxia (Ivanina et al., 2011). 
Another adaptive regulatory pathway that is important in response to oxidative stress is the 
sumoylation pathway, which is a mechanism that performs post-translational modifications to 
target proteins (Filippopoulou et al., 2020).  
 
Gills are thought to be one of the more biologically active organs, as it is the site responsible for 
respiration. Therefore, it is likely that changes in oxygen concentrations trigger larger changes in 
gene expression in gill cells compared to other tissues. Many hypoxia studies utilizing aquatic 
organisms focus on gill tissue, for example, in the African cichlid, Pseudocrenilabrus victoriae, 
it was found that morphological changes in the gill, due to hypoxic conditions, increased the gill 
surface area (Chapman et al., 2000). However, for gastropods many studies have also utilized the 
digestive gland and the mantle. Hypoxia is known to affect bivalves’ feeding behavior and lower 
their metabolic rate. The digestive gland and the enzymes it produces can therefore provide 
valuable information on an organism’s physiological, energetic, and metabolic state when 
exposed to different extrinsic factors (Khan et al., 2020; Pimentel et al., 2015). Sussarellu et al. 
(2010) utilized the digestive gland to characterize the oyster’s transcriptomic response, and 
Tomanek et al. (2011) used the mantle tissue of the eastern oyster to observe the oyster’s 
proteomic response to oxidative stress. Other studies, such as David et al. (2005) utilized the gill, 
mantle, and digestive gland in observing the Pacific oyster’s biological response to hypoxia and 
made between tissue comparisons of specific gene expression. However, they did not describe 
the broad level patterns of tissue level expression.  
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Our analysis revealed a greater transcriptomic response to hypoxia in the gill tissue compared to 
the digestive gland, across all days. There was a total of 1,848 differentially expressed genes 
(DEGs) for the gill and 691 for the digestive gland were detected (Fig. 6). Gene ontology (GO) 
enrichment showed key oxidative stress terms, such as cytochrome c oxidase activity 
(GO:0004129), citrate metabolic processes (GO:0006101), SUMO ligase complex and protease 
activity (GO:0106068, GO:0016929), and respiratory chain complex (GO:0098803) enriched 
only in gill tissue. While the digestive gland was not as transcriptomically active, it shows 
essential biological activity in response to hypoxia. For example, GO analysis revealed terms 
related to heat shock protein binding (GO:0031072), oxygen binding (GO:0019825), and several 
terms related to oxidoreductase activity (GO:0004833, GO:0047522). Overall, our results show a 
strong transcriptional response in the gills and display signs of an adaptive gene response at the 
regulatory level.  
 
 
4.2. Hypoxia triggers the onset of stress response later in the Texas population 
 
 
The eastern oyster has a wide geographic distribution and is subjected to a range of salinity, 
temperature, and oxygen ranges (Quilang et al., 2007). Our cumulative mortality experiment 
showed the Louisiana population experiencing mortality sooner than Texas, indicating that 
Louisiana has a lower tolerance to hypoxia (Fig. 2). Preliminary studies of the Louisiana and 
Texas populations also revealed differences in valve gape behavior between the two populations, 
with Louisiana closing its shell sooner than Texas under hypoxic conditions. This type of valve 
gape behavior, the opening and closing of the oyster shell, is commonly used to assess response 
to adverse conditions, such as hypoxia, and our preliminary observations support the idea that 
Texas is more tolerant to hypoxic stress (Porter & Breitburg, 2016).  
 
Our cumulative mortality results show Louisiana mortality beginning to increase at day 4 and 
Texas at day 5. This observation is also present at the gene expression level. Our differential 
expression results show a burst of upregulation in hypoxia sensitive genes corresponding with 
these two days. The Louisiana population increased by 461 DEGs between day 3 and 4. The 
Texas population displayed a similar pattern with 755 DEGs expressed between day 4 and 5 
(Fig. 6).  Our analysis showed 84 of the genes expressed in Louisiana day 4 are also expressed in 
Texas day 5. This suggests that the hypoxic response in both populations is sharing a large 
proportion of the same genes and Texas’ response is triggered later than Louisiana.  
 
The WGCNA analysis of the gill tissue revealed eigengene expression patterns following 
patterns of cumulative mortality rates in 5 modules (green, turquoise, brown, magenta, and tan).  
Further exploration of these modules revealed key hypoxia sensitive genes including GO terms 
related to oxidoreductase activity (GO:0016491), cytochrome c oxidase activity (GO:0004129), 
citrate metabolic processes (GO:0006101), and the Wnt signaling pathway (GO:0016055) and 
cell-cell signaling by Wnt (GO:0198738). Wnt and its role in hypoxia has been well studied in 
relation to its involvement in cancer and pregnancy in humans, but the full involvement of Wnt 
in the hypoxia response of Mollusca is less understood (Wei et al., 2016; Q. Zhang et al., 2017). 
However, there are growing efforts to better understand Wnt in lophotrochozoans and it is 
thought that it may play important roles in homeostasis and coping with intertidal environments 
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(Cho et al., 2010; De Oliveira et al., 2016; Liu et al., 2019; Prud’homme et al., 2002). The genes 
expressed within these modules potentially reflect adaptive changes in energetic physiology that 
sustain homeostasis in the Texas population for more extended periods of time under hypoxia.  
 
Interestingly, this pattern of gene expression and cumulative mortality was not reflected in 
analysis of the digestive gland. This observation lends further support to the idea that the gill 
tissue is more biologically active in response to hypoxia than the digestive gland. Overall, these 
results support an elevated capacity for Texas to withstand hypoxia through a later onset of 
DEGs and eigengene expression following the same pattern.   
 
 
4.3. Population by treatment interactions reveal patterns of gene expression associated with 
hypoxia tolerance in Texas  
 
 
Regulatory evolution can lead to the fixation of regulatory variants that alter the default levels of 
gene expression to levels that favor survival in the environment. Patterns of gene expression in 
response to temperature gradients were explored in the fish, Fundulus heteroclitus, and it was 
found that sets of genes responsive to thermal tolerance showed signatures of adaptive evolution 
(Dayan et al., 2015). One mechanism known by which organisms cope with hypoxia is 
increasing the production of ATP through anaerobic respiration (Gersten et al., 2014).  
Examining stress and baseline gene expression differences among populations, that vary in their 
tolerance to a stressor, can provide insights into the underlying gene networks. In context of 
tolerant vs. sensitive populations a higher baseline expression can either hinder or promote the 
stress tolerance (Rivera et al., 2021). In a scenario where a higher baseline expression promotes 
stress tolerance, we would expect to see gene networks related to protective processes (Rivera et 
al., 2021). The higher baseline expression, in a tolerant population, may also be the result of 
genetic frontloading (Barshis et al., 2013). When examining the role of genetic frontloading in 
warming and hypoxia tolerance in amphipods, protective genes involved in the indication of 
stress, protein synthesis, and immune response were upregulated, or frontloaded, in the control 
group of the tolerant population (Collins et al., 2021).   
In addition to the population differences mentioned thus far, the Texas population shows a 
permanent upregulation of hypoxia associated genes throughout the experiment, even under 
control conditions. WGCNA analysis revealed 3 modules (magenta, tan, and brown) containing 
genes highly responsive to hypoxia. In each of these modules the expression of the Texas 
eigengene was greater than that of the Louisiana population between control and hypoxic 
conditions and across all days. These three modules also follow cumulative mortality patterns 
with later upregulation in the Texas population. The magenta module shows many hypoxia 
responsive GO terms related to the cytochrome complex (GO:0070069), various terms related to 
biosynthetic processes (GO:0043604, GO:0044271), and regulation of metabolic processes 
(GO:0051246, GO:0043603). The tan module shows oxidoreductase activity (GO:0016491), 
oxidation-reduction processes (GO:0055114), ATPase activity (GO:0016887), and various terms 
related to ion transport (GO:1901678, GO:0071805) and localization (GO:0051179, 
GO:0051234). Lastly, the brown module shows terms related to carbon-oxygen lyase activity 
(GO:0016835), lipid and glycolipid biosynthetic processes (GO:0046467, GO:0009247), as well 
as several terms related to mitochondrial activities (GO:0005740, GO:0000276), the SUMO 
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ligase complex (GO:0106068), and Wnt activities (GO:0016055, GO:0198738). The presence of 
Wnt and mitochondrial activities are of vital interest in this module due to their known 
involvement in response to hypoxia.  
 
The fruit fly, Drosophila melanogaster, was found to be adapted to low oxygen environments 
through the use of the Wnt pathway, which led to greater rates of hypoxia tolerance and larval 
eclosion (Gersten et al., 2014). Mitochondrial activities are also of interest because it has been 
shown that the major effect of hypoxia occurs after oxygen is reintroduced into the system and 
mitochondrial damage is the main cause of cell damage and organ failure in mammalian studies 
(Kalogeris et al., 2012). It has also been shown that hypoxia tolerant intertidal organisms have 
evolved a mechanism in which the mitochondria functionally reorganize, allowing for more 
antioxidant production, potentially increasing their respiratory capacity and hypoxia recovery 
(Sokolov et al., 2019; Sokolova, 2018). 
 
Overall, these results provide evidence for adaptive changes in gene expression in response to 
hypoxia. The three modules mentioned here show high association with increased hypoxic 






The results of this study provide important insights into the role of acclimation in adaptations to 
environmental change, revealing differences in hypoxia tolerance between two varying 
populations of oysters from the Gulf of Mexico. The physiological differences in hypoxia 
tolerance were linked to differing patterns of gene expression, ultimately identifying the 
differences in gene regulation between these hypoxia tolerant and hypoxia sensitive populations. 
These findings present a scenario suggesting local adaptation to hypoxia.  
 
Our physiological assay identified and quantified differences in the physiological response to 
hypoxia between two oyster populations, with Texas individuals exhibiting lower mortality and 
overall, greater tolerance to hypoxic conditions. Our gene expression analysis identified a narrow 
set of genes whose changes in expression levels are highly associated with changes in oxygen 
concentrations, most of which show up-regulation at critical levels of hypoxia. This set of genes 
responds similarly in both Louisiana and Texas individuals, as expected from the presumably 
low genetic divergence between these populations. Given that the most significant results are 
observed in the gill tissue, as compared to the digestive gland, coupled with the gene ontology 
enrichment, suggesting these genes are likely involved in the acclimation response to hypoxia 
and are potential candidates for understanding the molecular and physiological mechanisms that 
underlie acclimation to hypoxia in bivalves. Notably, some genes exhibit population level 
difference in response to hypoxia, consistent with patterns of acclimation in adaptation to 
environmental change. First, the onset of expression in stress related genes occurs earlier in 
Louisiana individuals compared to Texas individuals. This suggests that there are population 
level differences in response to the same environmental cue, likely due to underlying adaptive 
and evolutionary processes. Second, genes whose expression is associated with a hypoxia 
tolerance response are upregulated throughout the time lapse of the experiment in individuals 
from Texas, in both the hypoxia and control conditions. This pattern suggests there are fixed 
differences in the expression of key genes between the two populations. Together these results 
provide evidence in favor of a role of acclimation in adaptive evolution, highlighting the 
importance of conserving genetic diversity in marine populations.  
 
While these results are an essential approximation to understanding the physiological and genetic 
basis of acclimation and adaptation to climate change, it is essential to note that further studies 
are required to corroborate our findings and further test evolutionary hypotheses. Comparative 
transcriptomics has a limited power to identify causal correlations between changes in gene 
expression and phenotypes. This limitation is due to the statistical challenges associated with 
gene expression quantification and comparison, as well as the numerous confounding effects 
associated with changes in gene expression. Functional genomic approaches can be used to 
further corroborate the predicted relations identified in this study. Additionally, our research has 
a limited power to distinguish adaptive vs non-adaptive change. While predictions of expected 
changes on gene expression values can be corroborated with gene expression data, more 
powerful and robust predictions about the potential role of natural selection can be tested using 
gene sequence analysis such as dN/dS, nucleotide diversity, as well as other populations genetic 
approaches. Complementary studies investigating patterns of sequence evolution in candidate 
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genes and their regulatory regions can further corroborate that the changes observed in this study 
are products of adaptive evolution. 
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Appendix. Supplemental Data 
 
 




Louisiana Day 2: Gene Ontology- Cellular Component 
GO.ID Term Annotated Significant Expected classicFisher
GO:0031974 membrane-enclosed lumen 193 192 186.99 0.014
GO:0043233 organelle lumen 193 192 186.99 0.014
GO:0070013 intracellular organelle lumen 193 192 186.99 0.014
GO:0031981 nuclear lumen 171 170 165.67 0.026
GO:0043226 organelle 1233 1204 1194.6 0.027
GO:0005654 nucleoplasm 112 112 108.51 0.027
GO:0044451 nucleoplasm part 112 112 108.51 0.027
GO:0044428 nuclear part 266 263 257.72 0.028
GO:0043229 intracellular organelle 1220 1191 1182 0.032
GO:0043228 non-membrane-bounded organelle 497 488 481.52 0.039
GO:0043232 intracellular non-membrane-bounded organ...497 488 481.52 0.039
GO:0005840 ribosome 154 153 149.2 0.042
GO:1990904 ribonucleoprotein complex 202 200 195.71 0.043
GO:0044422 organelle part 744 727 720.83 0.08
GO:0044446 intracellular organelle part 734 717 711.14 0.092
GO:0032991 protein-containing complex 1140 1111 1104.5 0.095
GO:0005634 nucleus 548 536 530.93 0.103
GO:0044444 cytoplasmic part 529 517 512.52 0.134
GO:0005623 cell 1782 1732 1726.5 0.14
GO:0044464 cell part 1780 1730 1724.56 0.143
GO:0005622 intracellular 1644 1597 1592.8 0.215
GO:0031982 vesicle 44 44 42.63 0.246
GO:0043227 membrane-bounded organelle 842 819 815.78 0.265
GO:0031410 cytoplasmic vesicle 41 41 39.72 0.271
GO:0097708 intracellular vesicle 41 41 39.72 0.271
GO:0044459 plasma membrane part 79 78 76.54 0.287
GO:0015629 actin cytoskeleton 39 39 37.79 0.289
GO:0098798 mitochondrial protein complex 38 38 36.82 0.298
GO:0005694 chromosome 114 112 110.45 0.302
GO:0044421 extracellular region part 36 36 34.88 0.318
Louisiana Day 2: Gene Ontology- Molecular Function
GO.ID Term Annotated Significant Expected classicFisher
GO:0005488 binding 5111 5002 4983.73 0.0017
GO:0005198 structural molecule activity 158 158 154.07 0.0178
GO:0005216 ion channel activity 148 148 144.31 0.023
GO:0022838 substrate-specific channel activity 148 148 144.31 0.023
GO:0043168 anion binding 1066 1048 1039.45 0.0383
GO:0003735 structural constituent of ribosome 111 111 108.24 0.0595
GO:0043167 ion binding 2298 2250 2240.78 0.0763
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Louisiana Day 2: Gene Ontology- Molecular Function
GO.ID Term Annotated Significant Expected classicFisher
GO:0005488 binding 5111 5002 4983.73 0.0017
GO:0005198 structural molecule activity 158 158 154.07 0.0178
GO:0005216 ion channel activity 148 148 144.31 0.023
GO:0022838 substrate-specific channel activity 148 148 144.31 0.023
GO:0043168 anion binding 1066 1048 1039.45 0.0383
GO:0003735 structural constituent of ribosome 111 111 108.24 0.0595
GO:0043167 ion binding 2298 2250 2240.78 0.0763
GO:0008234 cysteine-type peptidase activity 100 100 97.51 0.0789
GO:0022836 gated channel activity 92 92 89.71 0.0968
GO:0015267 channel activity 155 154 151.14 0.097
GO:0022803 passive transmembrane transporter activi...155 154 151.14 0.097
GO:0022839 ion gated channel activity 91 91 88.73 0.0993
GO:0008289 lipid binding 81 81 78.98 0.1282
GO:0097159 organic cyclic compound binding 2039 1995 1988.23 0.1451
GO:1901363 heterocyclic compound binding 2038 1994 1987.25 0.1461
GO:0004721 phosphoprotein phosphatase activity 134 133 130.66 0.1481
GO:0003676 nucleic acid binding 1047 1026 1020.93 0.1631
GO:0005515 protein binding 2344 2292 2285.63 0.1712
GO:0036094 small molecule binding 1076 1054 1049.21 0.1818
GO:0046914 transition metal ion binding 816 800 795.68 0.182
GO:0035639 purine ribonucleoside triphosphate bindi...896 878 873.69 0.1927
GO:0016787 hydrolase activity 1110 1087 1082.36 0.1941
GO:0005261 cation channel activity 64 64 62.41 0.1977
GO:0000166 nucleotide binding 1007 986 981.92 0.2204
GO:1901265 nucleoside phosphate binding 1007 986 981.92 0.2204
GO:0003779 actin binding 58 58 56.56 0.2303
GO:0019899 enzyme binding 111 110 108.24 0.231
GO:0032553 ribonucleotide binding 911 892 888.31 0.2381
GO:0004725 protein tyrosine phosphatase activity 109 108 106.29 0.2398
GO:0097367 carbohydrate derivative binding 952 932 928.29 0.2408
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Louisiana Day 2: Gene Ontology- Biological Process
GO.ID Term Annotated Significant Expected classicFisher
GO:0071705 nitrogen compound transport 179 179 173.65 0.004
GO:0008104 protein localization 170 170 164.92 0.0053
GO:0042886 amide transport 161 161 156.19 0.007
GO:0015833 peptide transport 159 159 154.25 0.0074
GO:0045184 establishment of protein localization 158 158 153.28 0.0077
GO:0015031 protein transport 157 157 152.31 0.0079
GO:0042254 ribosome biogenesis 153 153 148.43 0.009
GO:0033036 macromolecule localization 207 206 200.82 0.0125
GO:0034613 cellular protein localization 138 138 133.88 0.0143
GO:0070727 cellular macromolecule localization 138 138 133.88 0.0143
GO:0051641 cellular localization 200 199 194.02 0.0152
GO:0006886 intracellular protein transport 121 121 117.39 0.0243
GO:0051649 establishment of localization in cell 174 173 168.8 0.0304
GO:0071702 organic substance transport 222 220 215.37 0.0341
GO:0046907 intracellular transport 168 167 162.98 0.0356
GO:0051179 localization 824 807 799.38 0.0504
GO:0051234 establishment of localization 797 780 773.19 0.0714
GO:0006810 transport 795 778 771.25 0.0732
GO:0006470 protein dephosphorylation 138 137 133.88 0.077
GO:0051603 proteolysis involved in cellular protein... 78 78 75.67 0.0921
GO:0006508 proteolysis 300 295 291.04 0.1068
GO:0022613 ribonucleoprotein complex biogenesis 170 168 164.92 0.1102
GO:0034470 ncRNA processing 71 71 68.88 0.1143
GO:0044085 cellular component biogenesis 335 329 324.99 0.1171
GO:0006511 ubiquitin-dependent protein catabolic pr... 70 70 67.91 0.1178
GO:0019941 modification-dependent protein catabolic... 70 70 67.91 0.1178
GO:0043632 modification-dependent macromolecule cat...70 70 67.91 0.1178
GO:0007267 cell-cell signaling 69 69 66.94 0.1215
GO:0022402 cell cycle process 68 68 65.97 0.1253
GO:0032501 multicellular organismal process 114 113 110.59 0.1389
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GO.ID Term Annotated Significant Expected classicFisher
GO:0031974 membrane-enclosed lumen 193 192 179.93 1.30E-05
GO:0043233 organelle lumen 193 192 179.93 1.30E-05
GO:0070013 intracellular organelle lumen 193 192 179.93 1.30E-05
GO:0044428 nuclear part 266 262 247.99 3.20E-05
GO:0031981 nuclear lumen 171 170 159.42 6.10E-05
GO:0005840 ribosome 154 153 143.57 0.00019
GO:0043226 organelle 1233 1170 1149.52 0.00133
GO:1990904 ribonucleoprotein complex 202 198 188.32 0.00136
GO:0043229 intracellular organelle 1220 1157 1137.4 0.00201
GO:0044422 organelle part 744 710 693.63 0.00282
GO:0005654 nucleoplasm 112 111 104.42 0.00315
GO:0044451 nucleoplasm part 112 111 104.42 0.00315
GO:0043228 non-membrane-bounded organelle497 477 463.35 0.0034
GO:0043232 intracellular non-membrane-bounded organ...497 477 463.35 0.0034
GO:0044446 intracellular organelle part 734 700 684.3 0.00392
GO:0005634 nucleus 548 521 510.9 0.03184
GO:0044444 cytoplasmic part 529 503 493.18 0.03407
GO:1902494 catalytic complex 306 293 285.28 0.03572
GO:0044431 Golgi apparatus part 45 45 41.95 0.04161
GO:0031982 vesicle 44 44 41.02 0.04468
GO:0032991 protein-containing complex 1140 1074 1062.82 0.05302
GO:0031410 cytoplasmic vesicle 41 41 38.22 0.05532
GO:0097708 intracellular vesicle 41 41 38.22 0.05532
GO:0043227 membrane-bounded organelle 842 795 784.99 0.05963
GO:0005623 cell 1782 1672 1661.35 0.06496
GO:0044464 cell part 1780 1670 1659.49 0.06759
GO:0098798 mitochondrial protein complex 38 38 35.43 0.06846
GO:0098588 bounding membrane of organelle101 98 94.16 0.07949
GO:0000228 nuclear chromosome 35 35 32.63 0.08472
GO:0005730 nucleolus 35 35 32.63 0.08472
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GO.ID Term Annotated Significant Expected classicFisher
GO:0003735 structural constituent of ribosome111 111 104.46 0.0011
GO:0008270 zinc ion binding 712 686 670.03 0.0031
GO:0016788 hydrolase activity, acting on ester bond...310 302 291.73 0.0043
GO:0015267 channel activity 155 153 145.86 0.0044
GO:0022803 passive transmembrane transporter activi...155 153 145.86 0.0044
GO:0005216 ion channel activity 148 146 139.28 0.0062
GO:0022838 substrate-specific channel activity148 146 139.28 0.0062
GO:0004725 protein tyrosine phosphatase activity109 108 102.57 0.01
GO:0005198 structural molecule activity 158 155 148.69 0.014
GO:0016791 phosphatase activity 154 151 144.92 0.0167
GO:0042578 phosphoric ester hydrolase activity179 175 168.45 0.0168
GO:0022836 gated channel activity 92 91 86.58 0.0246
GO:0022839 ion gated channel activity 91 90 85.64 0.026
GO:0004721 phosphoprotein phosphatase activity134 131 126.1 0.0397
GO:0005085 guanyl-nucleotide exchange factor activi...51 51 47.99 0.0446
GO:0005543 phospholipid binding 50 50 47.05 0.0474
GO:0004518 nuclease activity 76 75 71.52 0.056
GO:0046914 transition metal ion binding 816 778 767.9 0.0614
GO:0140097 catalytic activity, acting on DNA 73 72 68.7 0.0651
GO:0016779 nucleotidyltransferase activity 72 71 67.76 0.0684
GO:0043169 cation binding 1311 1245 1233.72 0.0789
GO:0140098 catalytic activity, acting on RNA136 132 127.98 0.0898
GO:0046872 metal ion binding 1301 1235 1224.31 0.0906
GO:0005261 cation channel activity 64 63 60.23 0.1015
GO:0004519 endonuclease activity 33 33 31.05 0.134
GO:0005244 voltage-gated ion channel activity33 33 31.05 0.134
GO:0022832 voltage-gated channel activity 33 33 31.05 0.134
GO:0035091 phosphatidylinositol binding 33 33 31.05 0.134
GO:0016772 transferase activity, transferring phosp...451 430 424.41 0.1458
GO:0015276 ligand-gated ion channel activity56 55 52.7 0.149
 33 
Louisiana Day 4: Gene Ontology- Biological Process 
 
  
GO.ID Term Annotated Significant Expected classicFisher
GO:0042254 ribosome biogenesis 153 153 142.73 2.00E-05
GO:0022613 ribonucleoprotein complex biogenesis170 168 158.59 0.00056
GO:0071840 cellular component organization or bioge...603 580 562.53 0.00086
GO:0006259 DNA metabolic process 179 176 166.99 0.00154
GO:0006570 tyrosine metabolic process 123 122 114.74 0.00175
GO:0006793 phosphorus metabolic process 696 666 649.29 0.00276
GO:0006796 phosphate-containing compound metabolic ...692 662 645.56 0.00313
GO:0009072 aromatic amino acid family metabolic pro...154 151 143.66 0.00607
GO:0043043 peptide biosynthetic process 198 193 184.71 0.00649
GO:0006950 response to stress 196 191 182.85 0.00714
GO:0006412 translation 193 188 180.05 0.00824
GO:0043604 amide biosynthetic process 212 206 197.77 0.00916
GO:0043087 regulation of GTPase activity 67 67 62.5 0.00921
GO:0065009 regulation of molecular function119 117 111.01 0.01108
GO:0044085 cellular component biogenesis 335 322 312.52 0.01603
GO:0044255 cellular lipid metabolic process134 131 125.01 0.01725
GO:0016311 dephosphorylation 151 147 140.87 0.02177
GO:0006260 DNA replication 54 54 50.38 0.02299
GO:0035556 intracellular signal transduction210 203 195.91 0.02382
GO:0006281 DNA repair 105 103 97.95 0.02392
GO:0050790 regulation of catalytic activity 104 102 97.02 0.02525
GO:0033554 cellular response to stress 124 121 115.68 0.02845
GO:0051336 regulation of hydrolase activity 76 75 70.9 0.03201
GO:0044267 cellular protein metabolic process1066 1008 994.45 0.03329
GO:0006470 protein dephosphorylation 138 134 128.74 0.0396
GO:0034470 ncRNA processing 71 70 66.23 0.04298
GO:0006468 protein phosphorylation 304 291 283.6 0.04499
GO:0044237 cellular metabolic process 2445 2296 2280.9 0.04746
GO:0007267 cell-cell signaling 69 68 64.37 0.0483
GO:0072527 pyrimidine-containing compound metabolic...43 43 40.11 0.04975
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Louisiana Day 5: Gene Ontology- Cellular Compartment 
 
  
Louisiana Day 3: Gene Ontology- Cellular Compartment
GO.ID Term Annotated Significant Expected classicFisher
GO:0044422 organelle part 744 705 690.1 0.0078
GO:0044446 intracellular organelle part 734 695 680.83 0.0107
GO:1902494 catalytic complex 306 293 283.83 0.017
GO:0098796 membrane protein complex 178 172 165.1 0.0206
GO:0044428 nuclear part 266 255 246.73 0.0214
GO:0031974 membrane-enclosed lumen 193 186 179.02 0.024
GO:0043233 organelle lumen 193 186 179.02 0.024
GO:0070013 intracellular organelle lumen 193 186 179.02 0.024
GO:1990234 transferase complex 156 151 144.7 0.0242
GO:0005840 ribosome 154 149 142.84 0.0266
GO:0044431 Golgi apparatus part 45 45 41.74 0.033
GO:0005737 cytoplasm 633 598 587.14 0.0338
GO:0031984 organelle subcompartment 69 68 64 0.0342
GO:0005874 microtubule 64 63 59.36 0.0471
GO:0044444 cytoplasmic part 529 500 490.68 0.0479
GO:0015629 actin cytoskeleton 39 39 36.17 0.0522
GO:0031981 nuclear lumen 171 164 158.61 0.0611
GO:1990904 ribonucleoprotein complex 202 193 187.37 0.068
GO:0000228 nuclear chromosome 35 35 32.46 0.0708
GO:0044454 nuclear chromosome part 34 34 31.54 0.0764
GO:0043229 intracellular organelle 1220 1142 1131.62 0.0765
GO:0005794 Golgi apparatus 56 55 51.94 0.0777
GO:0043226 organelle 1233 1154 1143.68 0.0781
GO:0032991 protein-containing complex 1140 1067 1057.41 0.092
GO:0030880 RNA polymerase complex 31 31 28.75 0.096
GO:0098791 Golgi subcompartment 30 30 27.83 0.1036
GO:0099080 supramolecular complex 70 68 64.93 0.1068
GO:0099081 supramolecular polymer 70 68 64.93 0.1068
GO:0099512 supramolecular fiber 70 68 64.93 0.1068
GO:0099513 polymeric cytoskeletal fiber 69 67 64 0.1126
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Louisiana Day 3: Gene Ontology- Molecular Function
GO.ID Term Annotated Significant Expected classicFisher
GO:0005216 ion channel activity 148 148 139.19 0.0001
GO:0022838 substrate-specific channel activity148 148 139.19 0.0001
GO:0015267 channel activity 155 154 145.78 0.00073
GO:0022803 passive transmembrane transporter activi...155 154 145.78 0.00073
GO:0022836 gated channel activity 92 92 86.53 0.00341
GO:0022839 ion gated channel activity 91 91 85.58 0.00362
GO:0008270 zinc ion binding 712 684 669.63 0.00778
GO:0004725 protein tyrosine phosphatase activity109 108 102.51 0.00947
GO:0008234 cysteine-type peptidase activity100 99 94.05 0.01537
GO:0042578 phosphoric ester hydrolase activity179 175 168.35 0.01565
GO:0016791 phosphatase activity 154 151 144.84 0.01567
GO:0008233 peptidase activity 293 284 275.56 0.01637
GO:0005261 cation channel activity 64 64 60.19 0.01936
GO:0070011 peptidase activity, acting on L-amino ac...282 273 265.22 0.02368
GO:0015276 ligand-gated ion channel activity56 56 52.67 0.03176
GO:0022834 ligand-gated channel activity 56 56 52.67 0.03176
GO:0140101 catalytic activity, acting on a tRNA55 55 51.73 0.03378
GO:0140098 catalytic activity, acting on RNA136 133 127.91 0.03449
GO:0004721 phosphoprotein phosphatase activity134 131 126.03 0.03756
GO:0005230 extracellular ligand-gated ion channel a...49 49 46.08 0.04895
GO:0050660 flavin adenine dinucleotide binding49 49 46.08 0.04895
GO:0140097 catalytic activity, acting on DNA 73 72 68.66 0.06283
GO:0003774 motor activity 72 71 67.72 0.06608
GO:0016779 nucleotidyltransferase activity 72 71 67.72 0.06608
GO:0016874 ligase activity 71 70 66.77 0.0695
GO:0004197 cysteine-type endopeptidase activity43 43 40.44 0.07091
GO:0008238 exopeptidase activity 41 41 38.56 0.08023
GO:0015077 monovalent inorganic cation transmembran...92 90 86.53 0.08203
GO:0005198 structural molecule activity 158 153 148.6 0.08425
GO:0016787 hydrolase activity 1110 1054 1043.94 0.09153
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Louisiana Day 3: Gene Ontology- Biological Process
GO.ID Term Annotated Significant Expected classicFisher
GO:0019538 protein metabolic process 1281 1220 1197.12 0.0012
GO:1901564 organonitrogen compound metabolic proces...1691 1605 1580.27 0.0014
GO:0009072 aromatic amino acid family metabolic pro...154 152 143.92 0.0018
GO:0006570 tyrosine metabolic process 123 122 114.95 0.0021
GO:0006399 tRNA metabolic process 77 77 71.96 0.0052
GO:0016311 dephosphorylation 151 148 141.11 0.0087
GO:0043412 macromolecule modification 839 799 784.06 0.0113
GO:0043604 amide biosynthetic process 212 206 198.12 0.0116
GO:0007155 cell adhesion 91 90 85.04 0.0149
GO:0022610 biological adhesion 91 90 85.04 0.0149
GO:0006470 protein dephosphorylation 138 135 128.96 0.0167
GO:0044267 cellular protein metabolic process1066 1011 996.2 0.0206
GO:0043043 peptide biosynthetic process 198 192 185.03 0.021
GO:0043603 cellular amide metabolic process277 267 258.86 0.0217
GO:0034660 ncRNA metabolic process 109 107 101.86 0.0223
GO:0006412 translation 193 187 180.36 0.0258
GO:0006508 proteolysis 300 288 280.36 0.0363
GO:0006464 cellular protein modification process788 748 736.4 0.0375
GO:0036211 protein modification process 788 748 736.4 0.0375
GO:0072521 purine-containing compound metabolic pro...163 158 152.33 0.0382
GO:0009451 RNA modification 46 46 42.99 0.0437
GO:0006793 phosphorus metabolic process 696 661 650.43 0.0444
GO:0006259 DNA metabolic process 179 173 167.28 0.0451
GO:0006796 phosphate-containing compound metabolic ...692 657 646.69 0.0485
GO:0008033 tRNA processing 43 43 40.18 0.0537
GO:0044238 primary metabolic process 2587 2432 2417.6 0.0538
GO:0044255 cellular lipid metabolic process134 130 125.23 0.0547
GO:1901566 organonitrogen compound biosynthetic pro...412 393 385.02 0.0549
GO:1901361 organic cyclic compound catabolic proces...91 89 85.04 0.0563
GO:0045454 cell redox homeostasis 42 42 39.25 0.0575
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GO.ID Term Annotated Significant Expected classicFisher
GO:1990904 ribonucleoprotein complex 202 202 200.36 0.18
GO:0005840 ribosome 154 154 152.75 0.28
GO:0071944 cell periphery 127 127 125.97 0.35
GO:0005886 plasma membrane 118 118 117.04 0.37
GO:0032991 protein-containing complex 1140 1132 1130.74 0.38
GO:0043228 non-membrane-bounded organelle497 494 492.96 0.41
GO:0043232 intracellular non-membrane-bounded organ...497 494 492.96 0.41
GO:0015630 microtubule cytoskeleton 108 108 107.12 0.41
GO:0044427 chromosomal part 106 106 105.14 0.41
GO:0016020 membrane 1407 1396 1395.57 0.51
GO:0044459 plasma membrane part 79 79 78.36 0.52
GO:0031974 membrane-enclosed lumen 193 192 191.43 0.53
GO:0043233 organelle lumen 193 192 191.43 0.53
GO:0070013 intracellular organelle lumen 193 192 191.43 0.53
GO:0099080 supramolecular complex 70 70 69.43 0.56
GO:0099081 supramolecular polymer 70 70 69.43 0.56
GO:0099512 supramolecular fiber 70 70 69.43 0.56
GO:0099513 polymeric cytoskeletal fiber 69 69 68.44 0.57
GO:0005874 microtubule 64 64 63.48 0.59
GO:0031981 nuclear lumen 171 170 169.61 0.59
GO:0045298 tubulin complex 62 62 61.5 0.6
GO:0044430 cytoskeletal part 167 166 165.64 0.6
GO:0000785 chromatin 57 57 56.54 0.63
GO:0005794 Golgi apparatus 56 56 55.55 0.63
GO:0031226 intrinsic component of plasma membrane56 56 55.55 0.63
GO:0044428 nuclear part 266 264 263.84 0.63
GO:0005887 integral component of plasma membrane54 54 53.56 0.64
GO:0061695 transferase complex, transferring phosph...54 54 53.56 0.64
GO:0098797 plasma membrane protein complex51 51 50.59 0.66
GO:0031090 organelle membrane 148 147 146.8 0.66
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GO.ID Term Annotated Significant Expected classicFisher
GO:0016817 hydrolase activity, acting on acid anhyd...359 359 355.92 0.042
GO:0016818 hydrolase activity, acting on acid anhyd...357 357 353.94 0.043
GO:0016462 pyrophosphatase activity 352 352 348.98 0.045
GO:0017111 nucleoside-triphosphatase activity341 341 338.07 0.049
GO:0016788 hydrolase activity, acting on ester bond...310 310 307.34 0.065
GO:0016740 transferase activity 914 910 906.16 0.092
GO:0015075 ion transmembrane transporter activity254 254 251.82 0.108
GO:0005215 transporter activity 422 421 418.38 0.115
GO:0015318 inorganic molecular entity transmembrane...240 240 237.94 0.122
GO:0003723 RNA binding 239 239 236.95 0.123
GO:0016787 hydrolase activity 1110 1104 1100.47 0.14
GO:0005524 ATP binding 688 685 682.1 0.145
GO:0022857 transmembrane transporter activity376 375 372.77 0.159
GO:0043168 anion binding 1066 1060 1056.85 0.171
GO:0035639 purine ribonucleoside triphosphate bindi...896 891 888.31 0.202
GO:0060089 molecular transducer activity 339 338 336.09 0.204
GO:0038023 signaling receptor activity 337 336 334.11 0.207
GO:0042578 phosphoric ester hydrolase activity179 179 177.46 0.21
GO:0016772 transferase activity, transferring phosp...451 449 447.13 0.247
GO:0004888 transmembrane signaling receptor activit...308 307 305.36 0.251
GO:0005198 structural molecule activity 158 158 156.64 0.252
GO:0008270 zinc ion binding 712 708 705.89 0.255
GO:0015267 channel activity 155 155 153.67 0.259
GO:0022803 passive transmembrane transporter activi...155 155 153.67 0.259
GO:0016791 phosphatase activity 154 154 152.68 0.261
GO:0008324 cation transmembrane transporter activit...153 153 151.69 0.264
GO:0097367 carbohydrate derivative binding952 946 943.83 0.274
GO:0030554 adenyl nucleotide binding 696 692 690.03 0.274
GO:0043167 ion binding 2298 2281 2278.28 0.274
GO:0005216 ion channel activity 148 148 146.73 0.276
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GO.ID Term Annotated Significant Expected classicFisher
GO:0007154 cell communication 894 891 885.59 0.021
GO:0023052 signaling 883 880 874.69 0.023
GO:0007165 signal transduction 871 868 862.8 0.025
GO:0006811 ion transport 313 313 310.05 0.047
GO:0051716 cellular response to stimulus 997 992 987.62 0.07
GO:0055085 transmembrane transport 397 396 393.26 0.102
GO:0051234 establishment of localization 797 793 789.5 0.109
GO:0006810 transport 795 791 787.52 0.11
GO:0035556 intracellular signal transduction210 210 208.02 0.131
GO:0006396 RNA processing 197 197 195.15 0.149
GO:0034641 cellular nitrogen compound metabolic pro...1336 1327 1323.42 0.153
GO:0006812 cation transport 193 193 191.18 0.155
GO:0051179 localization 824 819 816.24 0.188
GO:0022613 ribonucleoprotein complex biogenesis170 170 168.4 0.195
GO:0006793 phosphorus metabolic process 696 692 689.45 0.195
GO:0009987 cellular process 3712 3680 3677.06 0.196
GO:0006796 phosphate-containing compound metabolic ...692 688 685.49 0.2
GO:0072521 purine-containing compound metabolic pro...163 163 161.47 0.209
GO:0006629 lipid metabolic process 159 159 157.5 0.217
GO:0042254 ribosome biogenesis 153 153 151.56 0.23
GO:0016311 dephosphorylation 151 151 149.58 0.234
GO:0006725 cellular aromatic compound metabolic pro...1237 1228 1225.36 0.237
GO:0044271 cellular nitrogen compound biosynthetic ...765 760 757.8 0.252
GO:0006470 protein dephosphorylation 138 138 136.7 0.266
GO:0010467 gene expression 862 856 853.89 0.274
GO:0044255 cellular lipid metabolic process134 134 132.74 0.277
GO:0034220 ion transmembrane transport 133 133 131.75 0.279
GO:0050789 regulation of biological process1520 1508 1505.69 0.286
GO:0006139 nucleobase-containing compound metabolic...1073 1065 1062.9 0.291
GO:0050896 response to stimulus 1060 1052 1050.02 0.307
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GO.ID Term Annotated Significant Expected classicFisher
GO:0044422 organelle part 744 742 734.68 0.0018
GO:0044446 intracellular organelle part 734 732 724.81 0.0021
GO:0005737 cytoplasm 633 631 625.07 0.0078
GO:1902494 catalytic complex 306 306 302.17 0.017
GO:0043226 organelle 1233 1224 1217.56 0.0208
GO:0043229 intracellular organelle 1220 1211 1204.72 0.0236
GO:0005623 cell 1782 1766 1759.68 0.0257
GO:0044464 cell part 1780 1764 1757.7 0.0262
GO:0044444 cytoplasmic part 529 527 522.37 0.0268
GO:0044428 nuclear part 266 266 262.67 0.0298
GO:0043228 non-membrane-bounded organelle497 495 490.77 0.0383
GO:0043232 intracellular non-membrane-bounded organ...497 495 490.77 0.0383
GO:0031974 membrane-enclosed lumen 193 193 190.58 0.0808
GO:0043233 organelle lumen 193 193 190.58 0.0808
GO:0070013 intracellular organelle lumen 193 193 190.58 0.0808
GO:0005622 intracellular 1644 1628 1623.41 0.0869
GO:0098796 membrane protein complex 178 178 175.77 0.0989
GO:0031981 nuclear lumen 171 171 168.86 0.1086
GO:0012505 endomembrane system 164 164 161.95 0.1192
GO:1990234 transferase complex 156 156 154.05 0.1326
GO:0005840 ribosome 154 154 152.07 0.1362
GO:0044424 intracellular part 1560 1544 1540.46 0.1569
GO:0071944 cell periphery 127 127 125.41 0.1947
GO:0005886 plasma membrane 118 118 116.52 0.2192
GO:0043227 membrane-bounded organelle 842 834 831.45 0.2303
GO:0005694 chromosome 114 114 112.57 0.231
GO:0005654 nucleoplasm 112 112 110.6 0.2371
GO:0044451 nucleoplasm part 112 112 110.6 0.2371
GO:0044427 chromosomal part 106 106 104.67 0.2565
GO:0043231 intracellular membrane-bounded organelle816 808 805.78 0.2679
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GO.ID Term Annotated Significant Expected classicFisher
GO:0016788 hydrolase activity, acting on ester bond...310 310 306.25 0.021
GO:0016787 hydrolase activity 1110 1102 1096.57 0.064
GO:0140096 catalytic activity, acting on a protein890 884 879.23 0.074
GO:0008144 drug binding 758 753 748.83 0.092
GO:0005488 binding 5111 5055 5049.16 0.1
GO:0042578 phosphoric ester hydrolase activity179 179 176.83 0.11
GO:0030554 adenyl nucleotide binding 696 691 687.58 0.141
GO:0032559 adenyl ribonucleotide binding 694 689 685.6 0.142
GO:0005198 structural molecule activity 158 158 156.09 0.143
GO:0005524 ATP binding 688 683 679.68 0.148
GO:0016791 phosphatase activity 154 154 152.14 0.15
GO:0003824 catalytic activity 2654 2627 2621.89 0.15
GO:0043167 ion binding 2298 2275 2270.2 0.159
GO:0005515 protein binding 2344 2320 2315.64 0.187
GO:0140098 catalytic activity, acting on RNA136 136 134.35 0.188
GO:0004721 phosphoprotein phosphatase activity134 134 132.38 0.193
GO:0016740 transferase activity 914 906 902.94 0.207
GO:0017076 purine nucleotide binding 908 900 897.01 0.214
GO:0032555 purine ribonucleotide binding 903 895 892.07 0.219
GO:0035639 purine ribonucleoside triphosphate bindi...896 888 885.16 0.227
GO:0008270 zinc ion binding 712 706 703.39 0.228
GO:0043168 anion binding 1066 1056 1053.1 0.238
GO:0003735 structural constituent of ribosome111 111 109.66 0.256
GO:0019899 enzyme binding 111 111 109.66 0.256
GO:0043169 cation binding 1311 1298 1295.14 0.26
GO:0004725 protein tyrosine phosphatase activity109 109 107.68 0.263
GO:0097367 carbohydrate derivative binding952 943 940.48 0.268
GO:0046872 metal ion binding 1301 1288 1285.26 0.271
GO:0008237 metallopeptidase activity 105 105 103.73 0.276
GO:0008234 cysteine-type peptidase activity100 100 98.79 0.293
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GO.ID Term Annotated Significant Expected classicFisher
GO:1901564 organonitrogen compound metabolic proces...1691 1676 1669.2 0.044
GO:0044267 cellular protein metabolic process1066 1058 1052.26 0.048
GO:0043412 macromolecule modification 839 833 828.18 0.066
GO:0019538 protein metabolic process 1281 1270 1264.49 0.07
GO:0006259 DNA metabolic process 179 179 176.69 0.094
GO:0071705 nitrogen compound transport 179 179 176.69 0.094
GO:0006793 phosphorus metabolic process 696 691 687.03 0.098
GO:0006464 cellular protein modification process788 782 777.84 0.098
GO:0036211 protein modification process 788 782 777.84 0.098
GO:0051649 establishment of localization in cell174 174 171.76 0.1
GO:0006796 phosphate-containing compound metabolic ...692 687 683.08 0.101
GO:0022613 ribonucleoprotein complex biogenesis170 170 167.81 0.106
GO:0046907 intracellular transport 168 168 165.83 0.109
GO:0072521 purine-containing compound metabolic pro...163 163 160.9 0.116
GO:0042886 amide transport 161 161 158.92 0.12
GO:0015833 peptide transport 159 159 156.95 0.123
GO:0009117 nucleotide metabolic process 158 158 155.96 0.124
GO:0045184 establishment of protein localization158 158 155.96 0.124
GO:0015031 protein transport 157 157 154.98 0.126
GO:0009072 aromatic amino acid family metabolic pro...154 154 152.01 0.131
GO:0042254 ribosome biogenesis 153 153 151.03 0.133
GO:0070647 protein modification by small protein co...152 152 150.04 0.135
GO:0016311 dephosphorylation 151 151 149.05 0.137
GO:0016192 vesicle-mediated transport 140 140 138.2 0.158
GO:0006470 protein dephosphorylation 138 138 136.22 0.163
GO:0006520 cellular amino acid metabolic process333 331 328.71 0.186
GO:0033554 cellular response to stress 124 124 122.4 0.196
GO:0055086 nucleobase-containing small molecule met...229 228 226.05 0.197
GO:0006570 tyrosine metabolic process 123 123 121.41 0.199
GO:0006886 intracellular protein transport 121 121 119.44 0.204
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GO.ID Term Annotated Significant Expected classicFisher
GO:0044428 nuclear part 266 257 243.85 0.00062
GO:1902494 catalytic complex 306 292 280.52 0.00544
GO:1990904 ribonucleoprotein complex 202 194 185.18 0.00919
GO:0044422 organelle part 744 697 682.04 0.01173
GO:0005654 nucleoplasm 112 109 102.67 0.01252
GO:0044451 nucleoplasm part 112 109 102.67 0.01252
GO:0098796 membrane protein complex 178 171 163.18 0.01402
GO:0031974 membrane-enclosed lumen 193 185 176.93 0.01474
GO:0043233 organelle lumen 193 185 176.93 0.01474
GO:0070013 intracellular organelle lumen 193 185 176.93 0.01474
GO:0044446 intracellular organelle part 734 687 672.87 0.01611
GO:0032991 protein-containing complex 1140 1061 1045.06 0.01662
GO:0031981 nuclear lumen 171 164 156.76 0.02029
GO:0005840 ribosome 154 148 141.18 0.02142
GO:0044444 cytoplasmic part 529 496 484.95 0.0304
GO:1990234 transferase complex 156 149 143.01 0.04309
GO:0015630 microtubule cytoskeleton 108 104 99.01 0.04527
GO:0042995 cell projection 29 29 26.58 0.07933
GO:0120025 plasma membrane bounded cell projection29 29 26.58 0.07933
GO:0005815 microtubule organizing center 28 28 25.67 0.08661
GO:0005874 microtubule 64 62 58.67 0.08745
GO:0044391 ribosomal subunit 26 26 23.83 0.10323
GO:0044455 mitochondrial membrane part 26 26 23.83 0.10323
GO:0044425 membrane part 940 871 861.72 0.10386
GO:0031982 vesicle 44 43 40.34 0.10715
GO:0012505 endomembrane system 164 155 150.34 0.10923
GO:0000428 DNA-directed RNA polymerase complex24 24 22 0.12303
GO:0055029 nuclear DNA-directed RNA polymerase comp...24 24 22 0.12303
GO:0031410 cytoplasmic vesicle 41 40 37.59 0.13188
GO:0097708 intracellular vesicle 41 40 37.59 0.13188
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GO.ID Term Annotated Significant Expected classicFisher
GO:0005216 ion channel activity 148 148 139.19 0.0001
GO:0022838 substrate-specific channel activity148 148 139.19 0.0001
GO:0015267 channel activity 155 154 145.78 0.00073
GO:0022803 passive transmembrane transporter activi...155 154 145.78 0.00073
GO:0022836 gated channel activity 92 92 86.53 0.00341
GO:0022839 ion gated channel activity 91 91 85.58 0.00362
GO:0008270 zinc ion binding 712 684 669.63 0.00778
GO:0004725 protein tyrosine phosphatase activity109 108 102.51 0.00947
GO:0008234 cysteine-type peptidase activity100 99 94.05 0.01537
GO:0042578 phosphoric ester hydrolase activity179 175 168.35 0.01565
GO:0016791 phosphatase activity 154 151 144.84 0.01567
GO:0008233 peptidase activity 293 284 275.56 0.01637
GO:0005261 cation channel activity 64 64 60.19 0.01936
GO:0070011 peptidase activity, acting on L-amino ac...282 273 265.22 0.02368
GO:0015276 ligand-gated ion channel activity56 56 52.67 0.03176
GO:0022834 ligand-gated channel activity 56 56 52.67 0.03176
GO:0140101 catalytic activity, acting on a tRNA55 55 51.73 0.03378
GO:0140098 catalytic activity, acting on RNA136 133 127.91 0.03449
GO:0004721 phosphoprotein phosphatase activity134 131 126.03 0.03756
GO:0005230 extracellular ligand-gated ion channel a...49 49 46.08 0.04895
GO:0050660 flavin adenine dinucleotide binding49 49 46.08 0.04895
GO:0140097 catalytic activity, acting on DNA 73 72 68.66 0.06283
GO:0003774 motor activity 72 71 67.72 0.06608
GO:0016779 nucleotidyltransferase activity 72 71 67.72 0.06608
GO:0016874 ligase activity 71 70 66.77 0.0695
GO:0004197 cysteine-type endopeptidase activity43 43 40.44 0.07091
GO:0008238 exopeptidase activity 41 41 38.56 0.08023
GO:0015077 monovalent inorganic cation transmembran...92 90 86.53 0.08203
GO:0005198 structural molecule activity 158 153 148.6 0.08425
GO:0016787 hydrolase activity 1110 1054 1043.94 0.09153
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GO.ID Term Annotated Significant Expected classicFisher
GO:0006570 tyrosine metabolic process 123 122 113.89 0.00076
GO:0006259 DNA metabolic process 179 175 165.74 0.00208
GO:0009072 aromatic amino acid family metabolic pro...154 151 142.59 0.00252
GO:0016311 dephosphorylation 151 148 139.81 0.00302
GO:0055086 nucleobase-containing small molecule met...229 222 212.04 0.00371
GO:0034470 ncRNA processing 71 71 65.74 0.00407
GO:0016192 vesicle-mediated transport 140 137 129.63 0.00583
GO:0006470 protein dephosphorylation 138 135 127.78 0.00657
GO:0009141 nucleoside triphosphate metabolic proces...88 87 81.48 0.00879
GO:0009144 purine nucleoside triphosphate metabolic...86 85 79.63 0.01007
GO:0009199 ribonucleoside triphosphate metabolic pr...86 85 79.63 0.01007
GO:0009205 purine ribonucleoside triphosphate metab...86 85 79.63 0.01007
GO:0033554 cellular response to stress 124 121 114.81 0.01474
GO:0006753 nucleoside phosphate metabolic process163 158 150.93 0.01504
GO:0072521 purine-containing compound metabolic pro...163 158 150.93 0.01504
GO:0006950 response to stress 196 189 181.48 0.01826
GO:0009117 nucleotide metabolic process 158 153 146.3 0.01932
GO:0046034 ATP metabolic process 73 72 67.59 0.02411
GO:0042254 ribosome biogenesis 153 148 141.67 0.02471
GO:0006974 cellular response to DNA damage stimulus110 107 101.85 0.03202
GO:0051641 cellular localization 200 192 185.19 0.03318
GO:0034660 ncRNA metabolic process 109 106 100.93 0.03379
GO:1901564 organonitrogen compound metabolic proces...1691 1582 1565.74 0.03421
GO:0008033 tRNA processing 43 43 39.81 0.036
GO:0072527 pyrimidine-containing compound metabolic...43 43 39.81 0.036
GO:0019637 organophosphate metabolic process248 237 229.63 0.03701
GO:0006163 purine nucleotide metabolic process107 104 99.07 0.03762
GO:0009259 ribonucleotide metabolic process106 103 98.15 0.03968
GO:0006281 DNA repair 105 102 97.22 0.04184
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